Abstract Heavy metals are considered important environmental contaminants, and their mixture toxicity on plants has complex mutual interactions. The interactive effects of heavy metals on growth, photosynthetic parameters, lipid peroxidation and compatible osmolytes were studied in Kandelia obovata grown for 5 months in sediment treated with combinations of lead (Pb), zinc (Zn) and copper (Cu). The results showed no significant reduction of biomass under heavy metal stresses, except for decreased root biomass under higher Pb ? Cu treatment, indicating high tolerance of K. obovata to heavy metal stress. Only the photosynthetic parameters, including net photosynthetic rate (P n ), stomatal conductance (G s ) and transpiration rate (T r ), decreased with increasing concentration of treatments (except for Pb ? Cu and Pb ? Zn ? Cu). Trinary treatment (Pb ? Zn ? Cu) increased biomass and the photosynthetic parameters when compared to the external addition of binary metals. In the roots, biomass and soluble sugar content were lower under binary than trinary treatments, indicating that the combination of Zn and Cu exhibited improved effects of alleviating toxicity than each of them alone in Pb-containing combined treatments. In the leaves, Zn-containing combined treatments significantly decreased malondialdehyde (MDA), soluble sugar and proline content in low concentration, while Pb ? Cu treatments significantly increased these parameters (P \ 0.05). The correlation analysis showed that leaf MDA and proline content were negatively correlated with Zn concentration (P \ 0.05). Zn could alleviate the effects of combined heavy metal stress, and Pb ? Cu treatment showed synergistic effects in leaves. The positive correlations between MDA content and the osmotic parameters showed that osmotic stress and lipid membranes oxidation exist simultaneously under multiple heavy metal stresses. Therefore, biomass, T r , leaf MDA, leaf proline content and soluble sugar content could indicate metal mixture toxicity to mangrove seedlings.
Introduction
A mangrove ecosystem has the capacity to act as a sink or buffer and immobilize heavy metals entering an Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10653-018-0142-8) contains supplementary material, which is available to authorized users.
aquatic ecosystem (Lewis et al. 2011 ), but excessive heavy metal pollution still causes a series of physiological and biochemical changes, which lead to potential ecological system risks (Sandilyan and Kathiresan 2014; Zhang et al. 2007; Zhang and Xing 2014) . Among these heavy metals, lead (Pb), zinc (Zn) and copper (Cu) are prevalent in polluted mangrove wetlands (Lewis et al. 2011; Ranjan, et al. 2017; Tam and Wong 2000) . Pb is nonessential and toxic to plants (Amari et al. 2017; Huang and Wang 2010; Pourrut et al. 2011) . Cu and Zn are plant essential micronutrients, performing structural and enzymatic activation (Hansch and Mendel 2009; Pilon et al. 2006; Tsonev and Lidon 2012) , and oversupply of them may cause toxicity (Alongi 2017; Anjum et al. 2015; Macfarlane and Burchett 2002) . Heavy metal toxicity has been widely observed in mangrove plants, including oxidative stress [malondialdehyde (MDA) (Yan and Tam 2013a) ], osmotic stress (Guo et al. 2009 ), inhibition of photosynthesis (Zhao et al. 2016) , inhibition of growth and increased mortality. Accordingly, mangrove plants have adopted various strategies to mitigate the damage caused by heavy metal stress (Yan and Tam 2013b) .
Metal contamination is mainly a mixture of different metals (Versieren et al. 2016) . The information in single metal contamination research does not reflect the biological toxicity when multiple metals are present together (Wu et al. 2016) . Therefore, more and more attention is being directed toward contamination by multiple heavy metals. The interactive patterns of combined heavy metal contamination were explained as antagonistic, synergistic and non-interactive effects (Wu et al. 2016) . Some studies have established toxicities from exposures to mixtures of heavy metals and found that interactive patterns of combined heavy metals were affected by plant species (Zhang et al. 2007 ) and heavy metal types (Israr et al. 2011) . The level of growth inhibition of Sesbania drummondii seedlings depended on metal types and their combinations (Pb, Cu, Ni and Zn) (Israr et al. 2011) . Meanwhile, the biomarkers under different heavy metals differed because metals have different parallel modes of action on plant growth and physiological processes. Versieren et al. (2017) found that the mixture toxicity of Cu, Cd and Zn on barley seedlings was not explained by antioxidant and oxidative stress biomarkers. However, Zhang et al. (2007) indicated that the levels of antioxidative enzymes and lipid peroxidation in leaves and roots of two mangrove plant seedlings (Kandelia candel and Bruguiera gymnorrhiza) may serve as a biomarker of multiple heavy metals. Our previous studies showed that K. obovata could tolerate multiple heavy metal stresses at relatively high contamination levels (400, 400 and 600 mg kg -1 DW of Cu, Pb and Zn, respectively), while osmotic adjustment showed the time-limited function (Cheng et al. 2017) . Furthermore, the influence of heavy metals on growth and physiological processes depended on the concentration combinations of multiple heavy metals. Huang and Wang (2010) found that the content of proline in the leaves of both K. candel and B. gymnorrhiza exhibited a significant increase in response to heavy metal stress (with four concentrations of combined Cd 2? , Pb 2? and Hg 2? ) under most experimental conditions but not all. Although many studies focused on the effects of single and combined heavy metal stresses on plants, how different combinations of heavy metal types and concentrations aggravated or alleviated heavy metal stress on plants is not clear. Additionally, the effectiveness of plant physiological and biochemical indexes for indicating heavy metal complex stresses is still not consistent.
In the study, composite pollutions of single and combined heavy metals of Pb, Zn and Cu were devised. The common mangrove species K. obovata was selected as the model species because it is the dominant mangrove species along the south China coast and is considered tolerant to metal exposure (Zhang and Xing 2014) . The study aimed to examine the interactive effects of combined Pb, Zn and Cu on plant growth, photosynthetic activities [including net photosynthetic rate (P n ), stomatal conductance (G s ) and transpiration rate (T r )], lipid peroxidation (MDA) and compatible osmolytes (soluble sugar and proline). The obtained results could be important for better understanding of the effects of multiple heavy metal stresses present in polluted aquatic ecosystems on growth and physiological changes of mangrove plants (Huang and Wang 2010) .
Materials and methods

Plant materials and treatment
Healthy K. obovata propagules were harvested from the Futian National Nature Reserve (114°00 0 -114°02 0 E, 22°30 0 -22°32 0 N), Guangdong Province, China. Uniform propagules (free from fungal infection and insect damage; 20 cm tall, the average mature height of this species) were planted in seedbeds with 500 mL of half-strength Hoagland's nutrient solution added weekly (pH 6.5, 5% NaCl) (Cheng et al. 2017; Hoagland and Arnon 1950) . Each seedbed [50 cm (long) 9 40 cm (wide) 9 15 cm (high)] was filled with prewashed ocean sand (Liu et al. 2009 ). The seedbeds were irrigated with tap water every morning to keep the sand wet. After four leaves had developed (after approximately 2 months), seedlings with similar heights were transplanted into pretreated sediment for the pot experiment.
Sediment was collected from the same site (topsoil, approximately 20 cm), fully mixed, and the root/plant residue in the sediment was removed. Afterward, it was divided into 15 parts and put into plastic boxes (length: 50 cm; width: 40 cm; height: 15 cm) and homogenized with 15 different treatments of Pb, Zn and Cu (Table 1) . Pb (0, 200 and 400 mg kg -1 DW, form: PbCl 2 ), Zn (0, 300 and 600 mg kg -1 DW, form: ZnCl 2 ) and Cu (0, 200 and 400 mg kg -1 DW, form: CuCl 2 ) were weighed to obtain the respective dry weight concentrations based on the weight of sediment in each box (He et al. 2014; Li et al. 2015) . These levels were designed based on previous studies on heavy metal concentrations in sediments of mangrove forest in Shenzhen (He et al. 2014; Li et al. 2015) and in the pot experiment of the mangrove plants (Cheng 2010) . The chemical reagents were first dissolved in distilled water. Then, they were added to and thoroughly mixed with the sediment. The treated sediment was homogenized weekly and kept fresh by adding distilled water daily for 2 months. According to our previous studies, physicochemical properties and heavy metal concentrations of the sediments were: (Cheng et al. 2017 ). The K. obovata seedlings (height: 35 cm, four leaves) were transplanted into the central zone of a nylon net (length: 16 cm, width: 16 cm) without any damage, with three seedlings in each plastic pot (diameter: 19 cm, height: 18 cm). Each pot was filled with 3 kg of treated sediment. The nylon nets were used to restrict the roots and allow for easy separation at harvest (Du et al. 2013 ). There were four replicates in each treatment (60 pots). The planted pots were placed outdoors in random order, and a large transparent canopy was placed above the pots to protect the plants from the rain. These pots were irrigated with distilled water to keep the sediment wet and to 
Determination of photosynthetic parameters
Before harvesting, the first pair of the fully expanded leaves was chosen. The measurements were repeated three times for each leaf and performed for six leaves per treatment. The net photosynthetic rate (P n ), transpiration rate (T r ) and stomatal conductance (G s ) of K. obovata seedlings were measured using the portable photosynthesis system Li-6400 (Li-Cor Inc., Lincoln, NE, USA) (Lin et al. 2017; Tang et al. 2017 ). All measurements were performed between 10:00 and 11:00 am on the same day.
Determination of biomass
Two seedlings from each pot (six plants per treatment) were collected, washed with tap water to remove sediment and then rinsed thoroughly with deionized water. One seedling from each pot was divided into its leaf, stem and root parts. The fresh tissue was weighed and dried at 105°C for 30 min and then at 70°C until a constant weight was reached (approximately 48 h). Then, dry weights (DW) of samples were recorded. The root to shoot (R/S) ratio was calculated as follows:
where DW root , DW stem and DW leaf represent the dry weight of the roots, stems and leaves, respectively. The roots and leaves of another seedling were collected for further analyses of osmolytes (soluble sugar and proline content) and lipid peroxidation [malondialdehyde (MDA)].
MDA and soluble sugar in leaves and roots
The content of MDA and soluble sugar in leaves and roots was determined by the thiobarbituric acid (TBA) reaction following the methods reported by Li (2000) . In brief, 1 g of fresh leaf and root of Kandelia obovata seedlings was homogenized with 10 mL of 10% trichloroacetic acid (TCA) and centrifuged at 4000 r/ min for 10 min. Then, 2 mL of the supernatant was mixed with 2 mL of 0.6% TBA. The mixture was heated in boiling water for 30 min and then transferred to an ice bath to stop the reaction. The cooled mixture was centrifuged at 5000 r/min for 10 min. The content of soluble sugar and MDA was calculated according to the absorbance of the supernatant at 450, 532 and 600 nm:
where C 1 was the concentration of soluble sugar (mmol/L), C 2 was the concentration of MDA (lmol/L) and A 450 , A 532 and A 600 represent the absorbance of the supernatant at 450, 532 and 600 nm, respectively.
Proline concentration in leaves and roots
Proline content was determined according to the methods described by Bates et al. (1973) with a few modifications. Briefly, 0.3 g of fresh leaves and roots was homogenized in 10 mL of 3% (w/v) aqueous sulfosalicylic acid. Then, the homogenate was centrifuged at 3000 r/min for 10 min. In all, 2 mL of supernatant was reacted with 2 mL of glacial acetic acid and 3 mL of acid ninhydrin reagent in a test tube at 100°C for 40 min. The mixture was extracted with 5 mL of toluene, and proline was quantified spectrophotometrically at 520 nm from the organic phase.
Statistical analysis
Interactive effects of combined Pb, Zn and Cu on growth parameters, photosynthetic parameters, osmolytes and lipid peroxidation indices were assessed with a three-way ANOVA (univariate analysis of variance) (P \ 0.05). One-way ANOVA and Duncan tests were performed to determine the significant differences among the treatments (P \ 0.05). Pearson correlation analysis was conducted to reveal the relationships between different physiological responses and heavy metal stress. Data are presented as the mean ± standard deviation (S.D.) of the triplicates. All statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) Version 20.0 (IBM Inc., USA).
Results
Effects of combined heavy metals on plant growth
Among three plant tissues, the biomass was in the order of root [ leaf [ stem (Fig. 1) . The three-way ANOVA indicated that the interactive effects of Pb*Zn*Cu on all growth parameters, Pb*Zn on leaf biomass, stem biomass, R/S ratio and Pb*Cu on R/ S ratio in the study were significant (P \ 0.05, Table 2 ). All treatments showed no significant reduction in biomass compared to the control (CK), except for a significant decrease in root biomass under Pb ? Cu treatment in high concentration (P \ 0.05, Fig. 1a-c) . With increased concentration, only Cu, Pb ? Zn and Pb ? Cu treatments showed consistent trends in all parts of plant biomass: increasing Cu and Pb ? Zn treatments increased biomass, and Pb ? Cu treatment showed a significant inhibition effect under high concentration.
Binary treatments showed different patterns with different heavy metal combinations and concentrations when compared to the corresponding single treatments. Under Pb ? Zn treatments, leaf biomass was significantly lower than when each chemical was given alone in low concentration (P \ 0.05). Under Pb ? Cu, leaf biomass was in between each chemical given alone in low concentration (significantly lower than Pb treatment, P \ 0.05); root biomass was significantly lower than each chemical given alone in high concentration (even lower than CK, P \ 0.05). Under trinary treatments (Pb ? Zn ? Cu), shoot biomass was in between when compared to each chemical given alone or binary in low concentration, but greater than each chemical given alone or binary in high concentration. Root biomass was greater than each chemical given alone or binary in low concentration, but lower than each chemical given alone and greater than binary in high concentration (P \ 0.05). All treatments significantly decreased the R/S ratio, compared to CK (P \ 0.05, Fig. 1d ). Increased concentration of the Pb, Zn, Cu and Zn ? Cu additions increased R/S; external increased Pb ? Zn, Pb ? Cu and Pb ? Zn ? Cu additions either inhibited or did not affect the R/S ratio (Fig. 1d) . Under the Pb ? Zn treatments, R/S was greater than each chemical given alone in low concentration but lower with those administered in high concentration (Fig. 1d) . Under Pb ? Cu and Zn ? Cu, R/S was in between each chemical given alone in low concentrations, but lower in those with high concentrations (Fig. 1d) . Under trinary treatments, R/S was in between when compared to each chemical given alone or binary in low concentration, but lower than each chemical given alone or binary in high concentration (Fig. 1d) .
Effects of heavy metals on photosynthetic parameters
The three-way ANOVA indicated that the interactive effects of Pb*Cu on T r were significant (P \ 0.05), while P n and G s were not significantly affected by individual or combined Pb, Zn and Cu treatments ( Table 2 ). The photosynthetic response of K. obovata to multiple heavy metal stresses was less sensitive than that of growth (Fig. 2) .
Photosynthetic parameters were reduced by heavy metal treatments (except for Pb ? Zn ? Cu treatment in high concentration, Fig. 2 ), and they were lower when in high concentration (except for Pb ? Cu and Pb ? Zn ? Cu treatments, Fig. 2 ). Significant inhibitions in P n , G s and T r were observed for the treatments of Zn ? Cu in high concentration (compared to CK, P \ 0.05, Fig. 2 ). Zn and Pb ? Zn treatments in high concentration also significantly inhibited P n (P \ 0.05, Fig. 2a ). Under Zn ? Cu, P n and G s were significantly lower than each chemical given alone in high concentration (P \ 0.05). Under Pb ? Zn ? Cu, P n , G s and T r were in between when compared to each chemical given alone or binary in low concentration, but significantly greater than each chemical given alone or binary in high concentration (P \ 0.05, Fig. 2 ). Effects of heavy metals on MDA in leaves and roots MDA is the product of membrane lipid peroxidation, and the levels usually indicate the degree of membrane oxidative damage; a higher value indicates more severe damage. The three-way ANOVA indicated that the effects of Pb*Cu, Pb*Zn*Cu and Zn on leaf MDA content were significant (P \ 0.05), while there were no significant individual or interactive effects on root MDA content (Table 2) . With increased concentration, MDA content showed different patterns with respect to different heavy metal combinations and plant tissues. In leaves, Zn-containing combined treatments significantly decreased MDA content in low concentration, while Pb ? Cu treatments significantly increased MDA content (P \ 0.05, Fig. 3a) . In roots, lower MDA content was present under combined stresses: binary \ trinary \ CK \ single treatments (Fig. 3b) .
Effects of heavy metals on osmolytes in leaves and roots
The three-way ANOVA indicated that the interactive effects of Pb*Cu on leaf soluble sugar content, Zn and Zn*Cu on leaf proline content and Zn*Cu and Pb*Zn*Cu on root soluble sugar content were significant (P \ 0.05), while there were no significant individual or interactive effects on root proline content (P [ 0.05, Table 2 ). Heavy metal treatments decreased most of the leaves' soluble sugar content in low concentration, but increased it in high concentration (Fig. 4a) . Lower root soluble sugar content showed under combined stresses: binary \ trinary \ CK \ single treatments (Fig. 4b) . Heavy metal treatments increased most proline content in leaves and roots (compared to CK, Fig. 4c, d ). With increased concentration, single Pb, Zn or Cu addition increased soluble sugar content (leaf and root) and root proline content, but increased and c Fig. 2 Net photosynthetic rate, P n (a), stomatal conductance, G s (b) and transpiration rate, T r (c) of Kandelia obovata seedlings exposed to multiple heavy metals. Mean ± SD. Different lowercase or capital letters indicated significant difference among treatments under low or high concentration (including CK) according to one-way ANOVA at P \ 0.05, respectively then decreased leaf proline content (Fig. 4) . In leaves, Zn-containing combined treatments decreased soluble sugar and proline content in low concentration, while Pb ? Cu treatments significantly increased these parameters (P \ 0.05, Fig. 4a, c) . In roots, proline content under Pb ? Zn ? Cu treatment was lower than each chemical given alone and significantly lower than Pb ? Zn treatment in high concentration (P \ 0.05, Fig. 4d ).
Correlation analysis
Leaf MDA and proline content showed significant and negative correlations with Zn concentration (P \ 0.05); none of the parameters showed correlations with Pb (Table 3) . Leaf MDA content showed significant positive correlations with the leaf soluble sugar and proline content ( (Zhao and Zheng 2015; Zhao et al. 2016) . A high Pb level (800 mg L -1 , medium: sediment) decreased the leaf biomass of K. obovata seedlings, whereas the stems and roots were unaffected (Yan and Tam 2013b) . Cheng et al. (2017) found that different parts of K. obovata biomass were also unaffected by heavy metals (combined Cu, Pb and Zn; medium: sediment). In the study, all treatments showed no significant reduction in the shoot biomass and most of the root biomass compared to CK (P [ 0.05, Fig. 1a-c) . Only Cu, Pb ? Zn and Pb ? Cu treatments showed consistent trends in all parts of plant biomass: increasing Cu and Pb ? Zn treatments increased biomass, and Pb ? Cu treatment showed low promotion and high inhibition effects (Fig. 1) . The study showed that shoot biomass and root biomass have different response modes (Yan and Tam 2013b) , and K. obovata showed high tolerance to heavy metal toxicity. The K. obovata seedlings showed different growth responses under the same heavy metal and concentration treatments. This could be attributed to Bold font indicates a significant correlation df degrees of freedom, P n net photosynthetic rate, G s stomatal conductance, T r transpiration rate, MDA malondialdehyde content and R/S root-shoot ratio *P \ 0.05, **P \ 0.01; Pearson correlation is significant with 2-tailed Bold font indicates a significant correlation MDA Malondialdehyde content *P \ 0.05, ***P \ 0.001; Pearson correlation is significant with 2-tailed different culture mediums and periods. The sediment used in the study led to less bioavailability of heavy metals than the sand, because of adsorption, immobilization and/or chelation of metals for higher organic carbon content ) and a more reduced environment (Noël et al. 2017; Zhuang and Gao 2013) in sediment than in sand. The study had a longer treatment period than the experiment by Cheng et al. (2017) and can more clearly reflect relatively longterm, cumulative effects. Macfarlane and Burchett (2002) found that combined Pb and Zn resulted in a significantly decreased biomass than individual metals alone for the gray mangrove Avicennia marina (Forsk.) Vierh. The level of growth inhibition depended on metal types and their combinations, and maximum inhibition in S. drummondii growth was observed in the mixture of all the metals (Pb ? Cu ? Ni ? Zn) (Israr et al. 2011) . Aegiceras corniculatum, A. marina and B. gymnorrhiza were significantly inhibited by combined Pb, Zn and Cu stresses, and the inhibition was more obvious when the treatment concentration was higher (Liu et al. 2009 ). Consistent with the previous study, in this study, Pb ? Zn and Pb ? Cu treatment significantly reduced leaf and root biomass when compared to individual Pb, Zn or Cu addition; however, under trinary treatment of Pb ? Zn ? Cu, leaf and root biomass significantly increased when compared to binary treatments (P \ 0.05, Fig. 1) . The results showed that Zn and Cu together exhibited better effects of alleviating toxicity than each of them alone in Pb-containing combined treatments. Compared to single heavy metal stress, the alleviating effect of trinary stress is different from the aggravation of binary stress, which may be related to their complex competition among heavy metals (Israr et al. 2011) , deserving further investigation. Furthermore, the response of leaf biomass to combined heavy metals was significant in the low-concentration treatments, while root biomass was significant in the highconcentration treatments (P \ 0.05, Fig. 1 ). Combined heavy metals generally inhibited the plant growth, but the combinations and concentrations of heavy metals greatly influenced the experimental results.
The R/S ratio, which is modulated by environmental factors, reflects the biomass allocation of the aboveground and underground parts (Ledo et al. 2018; Poorter et al. 2012) . Previous studies showed that the R/S ratio significantly decreased with 400 mg/g Cu exposure, 800 mg/g Pb exposure and 500 mg/g Zn treatments but had no significant interaction under combined Zn and Cu treatments for the gray mangrove Avicennia marina (Forsk.) Vierh (Macfarlane and Burchett 2002) . The R/S ratio of K. obovata was not significantly changed, whereas that of A. ilicifolius significantly decreased under Pb stress (Yan and Tam 2013b) . In the study, all treatments significantly decreased the R/S ratio (P \ 0.05, Fig. 1d ). Binary and trinary treatments led to lower R/S ratios than each chemical given alone in high concentration (Fig. 1d) . The significant positive correlation among leaf, stem, root and total biomass and significant negative correlation with R/S (data not shown, P \ 0.001) indicated more promotion of shoot growth than root growth in this study.
Photosynthetic activity is often inhibited when plants are exposed to a single heavy metal stress (Bernardini et al. 2016; Leal-Alvarado et al. 2016) . However, when multiple heavy metal pollution exists, the photosynthetic activity of plants is more complex (Chandra and Kang 2015) . In the study, compared to CK, significant inhibition was found in photosynthetic parameters under high concentration treatments (except for the Pb ? Zn ? Cu treatment), especially in the Zn ? Cu treatment (Fig. 2) . Like previous studies, the photosynthetic rate decreased with increasing heavy metal concentrations (combined Zn, Cu, Cd and Cr); however, an increase was observed at the highest concentration (Chandra and Kang 2015) . Although the photosynthetic parameters have a consistent trend with increased concentration of heavy metal treatments, the indicated role of photosynthesis is not as good as expected, and only T r can be used for judgment (Table 2) . Stomata are the main channel for plants to exchange material with the environment, and heavy metals can affect stomatal behavior to a certain extent (Wang 2013; Zu et al. 2006) ; furthermore, the photosynthetic rate and transpiration rate can also be affected. Leal-Alvarado et al. (2016) indicated that Pb accumulation reduces photosynthesis of Salvinia minima Baker by affecting the cell membrane and inducing stomatal closure. Cu-imposed stomatal closure was the most limiting factor to photosynthesis in Silene paradoxa L. populations (Bazihizina et al. 2015) . In the study, the consistent trends of P n , G s and T r suggested that the stomatal behavior might be the important limiting factor to photosynthesis. Moreover, trinary treatments increased photosynthetic parameters when compared to the CK, single and binary treatments in high concentration, indicating that the simultaneous presence of the three heavy metals may cause antagonistic effects.
The main toxic effect of excessive heavy metals on plants is oxidative stress with overproduction of reactive oxygen species (ROS) (Wu et al. 2016) , which is characterized by lipid peroxidation, thus destroying the cell membrane structure. The content of MDA can reflect the degree of cell membrane lipid peroxidation and plant response to stress conditions (Choudhary et al. 2007; Yan and Tam 2013b) . Single heavy metal pollution often leads to an increase in MDA (Bazihizina et al. 2015; Mohammed et al. 2012) . Zn application alleviates the adverse effects of lead stress in Morus alba with lower MDA when compared to Pb stress alone (Qin et al. 2017 ). In the study, Zncontaining combined treatments significantly decreased leaf MDA content in low concentration, while Pb ? Cu treatments significantly increased leaf MDA content (P \ 0.05, Fig. 3a) . In roots, lower MDA content was detected under combined stresses: binary \ trinary \ CK \ single treatments (Fig. 3b) . The different MDA changes in leaves and roots were also found in other studies: The MDA content in K. obovata leaves increased progressively when plants were subjected to Zn stress. Simultaneously, the MDA content in K. obovata roots was unaffected under excess Zn (Zhao and Zheng 2015) . Additionally, combined heavy metal treatments mediated changes in MDA with different patterns between leaves and roots in the study. A lower MDA content (and thus lower lipid peroxidation) in plants grown with binary mixtures compared to plants grown with single metals was also observed by Maleva et al. (2012) . These results were also consistent with the growth results, which showed that the growth of K. obovata was less inhibited in leaf biomass under Zn ? Cu treatment. These findings suggested that MDA content could be used to indicate metal mixture toxicity of mangrove seedlings, and leaves perform better than roots.
Plant osmolytes play an important role in mitigating heavy metal osmotic stress (Yan and Tam 2013b) , which help to maintain cell and tissue water balance, protect the structural integrity of the membrane and mitigate the toxicity of heavy metal stress (Szabados and Savoure 2010; Zhao et al. 2016) . Proline is a multifunctional amino acid, which regulates the osmotic pressure inside the cell, prevents denaturation of proteins, maintains membrane integrity, stabilizes enzymes and quenches the toxic ROS Szabados and Savoure 2010) . Guo et al. (2009) found that the content of proline and soluble sugar in K. candel seedlings, treated with Cd and Zn alone, increased with the increase of heavy metal concentration. Consistent with this study, single Pb, Zn or Cu additions increased soluble sugar and root proline content, while increasing and then decreasing leaf proline with elevated concentration (Fig. 4) . Li et al. (2013) also found significant enhancements of proline in both the leaves and roots of wheat seedlings under Zn stress, but the increased rate was higher in the roots than in the leaves. Zhao et al. (2016) found that the content of root soluble sugar of K. obovata seedlings increased first and then decreased with the increase of a Cu concentration, while the soluble sugar content of leaves decreased with an increasing Cu concentration. There were some differences in the complexing effect among different heavy metals on plant osmotic regulation due to different plant tissues or sites, or different concentrations and ratios of heavy metals. Huang and Wang (2010) found that the proline content in the leaves of both K. candel and B. gymnorrhiza exhibited a significant increase in response to heavy metal stress (four different concentrations of combined Cd 2? , Pb 2? and Hg 2? ), at least under most of the experimental conditions. However, in this study, Zncontaining combined treatments decreased leaf soluble sugar and proline content in low concentration. Meanwhile, Pb ? Cu treatments significantly increased leaf soluble sugar and proline content (P \ 0.05, Fig. 4a, c) . The significant and negative correlations between leaf proline content and Zn concentration (P \ 0.05) indicate that Zn could alleviate the effects of combined heavy metal stress. Zn application also alleviated the adverse effects of Cd stress in Lemna minor L. (Qiao et al. 2015) and Pb in Morus alba (Qin et al. 2017) , with lower accumulation of proline or osmolytes when compared to single heavy metal stress. Proline and soluble sugar in K. obovata may play important roles in ameliorating the effect of heavy metal toxicity. Moreover, the significant positive correlation among MDA content with soluble sugar content and proline content (not in the root) indicated that osmotic stress and lipid oxidation exist simultaneously under multiple heavy metal stresses (Table 4 , P \ 0.05).
Conclusion
This study explored the growth, photosynthesis and physiological responses of K. obovata to mixed heavy metal pollution. Our results suggested that biomass, T r , leaf MDA, leaf proline content and soluble sugar content could indicate the metal mixture toxicity of mangrove seedlings. K. obovata showed high tolerance to multiple heavy metals, with no significant decrease in biomass under heavy metal treatments, except for root biomass under higher Pb ? Cu treatment. With increased concentration, growth and the biochemical parameters changed differently due to different treatments and plant tissues. In leaves, Zn could alleviate the toxicity effects of combined heavy metal stresses: Zn-containing combined treatments exhibited antagonistic effects in reducing MDA, soluble sugar and proline content in leaves under low concentrations, while Pb ? Cu treatment showed synergistic effects in promoting these parameters and reducing biomass. In roots, Zn and Cu together exhibited better effects of alleviating toxicity than each of them alone in Pb-containing combined treatments.
